In rotating Rayleigh-Bénard convection, columnar vortices advect horizontally in a stochastic manner. When the centrifugal buoyancy is present the vortices exhibit radial motions that can be explained through a Langevin-type stochastic model. In a centrifugation-dominant flow regime anomalous outward motion of cyclones is observed which is contrary to the well-known centrifugal effect. We interpret this phenomenon as a symmetry-breaking of the vorticity distribution brought about by the centrifugal buoyancy. Consequently, the cyclones submit to a collective mode of vortex motion dominated by the strong anticyclones. Our studies provide new understanding of vortices motions that are widely present in many natural systems.
Buoyancy-driven convection is relevant to many natural flows in the atmosphere, oceans and planetary systems [1, 2] . A rich variety of vortex structures arise during buoyant convection, especially in the presence of background rotations [3] [4] [5] . Vortices are often referred to as coherent structures that consist of recirculating flows with approximately circular streamlines. The dynamics of vortex motions plays an important role in determining fluid motions and turbulent transport, ranging from small-scale turbulence to planetary-scale circulations [4, 5] . The fluid dynamics of rotating, buoyancydriven flows is often studied using a paradigmatic model, rotating Rayleigh-Bénard convection (RBC), i.e., a fluid layer heated from below and rotated about a vertical axis. Although considerable progress has been achieved in exploring the turbulent flows in non-rotating RBC [6] [7] [8] , relatively few work has been devoted to understand the flow structure and dynamics in rotating RBC. Recent studies report that when the applied rotation rate Ω increases, transitions in flow regimes [9] [10] [11] [12] [13] occur from buoyancy-dominated convection with global circulations formed by self-organized plumes, to rotation-dominant turbulence where the convective flows are organized into thin coherent columnar vortices [12, 14, 15] . Experimental observations suggest that these columnar vortices exhibit diverse dynamics of horizontal motion, from quasistationary to intensive advection [13, [16] [17] [18] [19] . In spite that a comprehensive description of the columnar vortex structure is provided by the Taylor-Proudman theorem [20, 21] which predicts fluid motion to be invariant along the vertical axis, the dynamics of horizontal advection of these vortices is yet to be better understood. How does the horizontal vortex motion depend on buoyancy forcing, the rotational constraints and the turbulent fluctuations of the background flows? It is a natural question of fundamental interest.
The columnar vortices are helical structures with their vertical vorticity correlated to the flow directions, in that near the bottom boundary cyclones are upwelling (warm) vortices while anticyclones are downwelling (cold) ones, respectively [13, 19] . In rotating RBC with a Boussinesq working fluid, a symmetric state was assumed in which the vorticity intensity and the dynamics of both types of vortices are similar if observed in the midplane of the fluid layer. In rapidly rotating convection, however, such a flow symmetry may be broken when the centrifugal force destroys the horizontal translation invariance of the flow field. Recent direct numerical simulation (DNS) represents a primary study of how centrifugal force impacts the heat-transport as well as the flow morphology in turbulent convection [22] . The rich dynamics of vortex motions and the flow symmetry under centrifugal effects remain unexplored.
In this Letter we present experimental and numerical studies that shed new light on the nature of vortex motions in rapidly rotating convection. We report that vortices exhibit directionally radial motions driven by the centrifugal buoyancy, accompanied by stochastic fluctuations originated from the background turbulence. The radial vortex motion is seemingly trivial since our knowledge of centrifugal effect suggests that warm cyclones (cold anticyclones) should move inwardly (outwardly). However, we present here a new type of vortex motion in a centrifugation-dominant regime where outward-moving cyclones are observed. This phenomenon is attributed to the centrifugal buoyancy which breaks the symmetry of vorticity distribution in that the vorticity of anticyclones overrides the cyclonic ones. Remarkably we observe that the cyclones submit to the collective mode of long-range correlated motion dominated by the anticyclones. The convection apparatus was designed for highprecision heat transport and flow structure measurement in rotating RBC [23] [24] [25] . To visualize the flows we used two cylindrical cells with sapphire top windows. Both had a circular copper bottom plate with a Plexiglas side wall with inner diameter d=240 mm. The long (short) cell had a fluid height H=120.0 (63.0) mm, yielding the aspect ratio Γ=d/H=2.0 (3.8). The experiment was conducted with a constant Prandtl number Pr=ν/κ=4.38 and in the range 2.0×10 7 ≤Ra≤2.7×10 8 of the Rayleigh number Ra=αg∆T H 3 /κν (α is the isobaric thermal expansion coefficient, g the acceleration of gravity, ∆T the applied temperature difference, κ the thermal diffusivity, and ν the kinematic viscosity). Rotation rates up to 5.0 rad/s were used. Thus the Ekman number Ek=ν/2ΩH 2 spanned 4.9×10 −6 ≤Ek≤2.7×10 −4 , corresponding to a range of the reduced Rayleigh number 1.06≤Ra/Ra c ≤120, with Ra c =8.7Ek −4/3 the critical value for the onset of convection [26] . The Froude number Fr=Ω 2 d/2g was within 0<Fr≤0.31. The flow field at a fluid depth of z=H/4 was measured using the technique of particle image velocimetry (PIV). We obtained horizontal velocity v(r, φ) over the full cross-section of the cell. In the DNS [27] we solved the Navier-Stokes equations using the multiple-resolution version of CUPS [28]. The simulation was performed in a cylindrical cell with Γ=4, Ra=2.0×10 7 and 1.06≤Ra/Ra c ≤40. Figure 1 presents snapshots of the vortex structures. At a low rotation rate (Fig. 1a ), it appears that over the measured fluid height cyclonic vortices (shown as red vorticity patches) possess a greater number density and on average larger vorticity than that of anticyclones (blue patches). Both types of vortices exhibit stochastic horizontal motions as indicated by the vortex trajectories in Fig. 1c , presumably driven by the turbulent background flows. The mean-square-displacement (MSD) of the vortices approaches to a liner function of time at large times, indicating Brownian-type, normal diffusive motion [29] . At higher rotation rates, however, we observe strong anticyclones with larger population (Fig. 1b) . The anti-cyclones undergo outward radial motions accompanied by stochastic fluctuations along their paths (Fig. 1d) . Part of them are terminated by the retrogradely traveling plumes near the sidewall. The weak cyclones display complex motions. Figure 1d indicates that in the outer region (r≥d/4) the cyclones move toward the cell center while in the inner region (r≤d/4) most of them migrate radially outwardly. We note that the MSD of both types of vortices indicate superdiffusive behavior in this flow regime (see supplementary movies [27] of the vortex motions).
To further analyze the complex vortex motions, we show in Fig. 2a profiles of the mean radial velocity u r of the vortices measured in the inner region of the cell. These velocity profiles illustrate that depending on the rotation rates there are four distinct flow regimes. A randomly-diffusive regime exists in the slow rotating limit with Ra one order in magnitude larger than Ra c . In this regime the vortices move in a random manner with u r ≈0 for both cyclones and anticyclones. When Ω increases, the magnitude of u r increases linearly with r in a centrifugally-influenced regime (3Ra c ≤Ra≤5Ra c ), where we observe that cyclone moves inward radially, in opposite to the outward anticyclonic motion. In a centrifugation-dominant flow regime with 1.5Ra c ≤Ra≤3Ra c , anomalous outward cyclonic motion is observed. In this anomalous regime the radial gradient of u r for both types of vortices reach a maximum. In the rapid rotation limit Ra≤1.5Ra c (asymptotic regime), u r decreases and the opposite radial motions of cyclones and anticyclones recover.
Also depicted in Fig. 2a is the vorticity ratio γ ω of the anticyclones to the cyclones. In the randomly-diffusive regime γ ω is near 0.6, indicating that cyclones have larger vorticity in magnitude than anticyclones, which is also evident in Fig. 1a . This asymmetry in vorticity strength is owing to the fact that upwelling cyclones penetrate the fluid layer at z=H/4 (where PIV measurement is made). However, downwelling anticyclones generated from the top hardly reach this position, as their momentum and vorticity are partially dissolved by the background turbulence [30] . With increasing Ω the up-and downwelling vortices evolve and in the rapidly rotating limit they form vertically symmetric, columnar structure under the TP constraint [14, 15] . Hence one would expect that the ratio γ ω increases and approaches unity monotonously. This is the case if the centrifugal effect is absent, as verified by our DNS data (Fig. 2a) . The experimental data show, however, that in the centrifugally-influenced regime γ ω increases rapidly, and exceeds unity in the anomalous regime, indicating an anticyclone-dominated flow field as shown in Fig. 1b . In the asymptotic regime where the severe rotational constraint finally weakens the convective vortices, the data indicate that γ ω approaches unity and the symmetry between cyclonic and anticyclonic vorticity restores. It is worth noting that various data sets of γ ω (Ra/Ra c ) with Ra spanning two decades and with different aspect ratios collapse well onto a universal curve.
The centrifugal effect can be shown to be responsible for the observed radial motion of the vortices. We consider a model that consists of a set of Langevin equations:
r +ṙ/τ ± ζr = ξ(t).
( 1) The radial acceleration of the vorticesr is determined by the viscous dampingṙ/τ and the centrifugal force ±ζr that drives cold (warm) fluid radially away from (towards) the rotation axis. The background turbulent fluctuations as well as the stochastic vortex-vortex interactions are modeled by a δ-correlated, Gaussian white noise term ξ(t) with ξ(t)ξ(t+∆t) =δ(∆t)D/τ 2 [31, 32] . Here τ is the characteristic timescale of the ballistic regime constrained by viscous damping. D is the diffusivity that reveals the strength of the background fluctuations. ζ is the centrifugal coefficient [27] . In the slow rotating limit, ζ approaches zero and the model reduces to the classical Brownian-motion model [33] .
We compute the first and second moments of the radial vortex displacements according to Eq. 1 [27] , and compare in Figs. 3a and 3b these theoretical predictions with the experimental data (here we have excluded the data of outward cyclonic motion in the anomalous regime). The first moments of the radial displacement r/r 0 ξ are sums of multiple exponential functions of time, and approach a single exponential function as exp(±λ * t) in the largetime limit, with the growth rate λ * =|1/2τ− 1/4τ 2 ±ζ| that reveals the mobility of the vortex motion. The second moments of the radial displacement, (r− r ξ ) 2 ξ , represent the mean deviations of the vortex trajectories from their mean path, or the "track forecast cones" [34] of the vortices. Notably the theoretical curves of (r− r ξ ) 2 ξ appear differently for cyclones and anticyclones. In a log-log plot, the second moment of anticyclonic displacement takes on the feature of superdiffusion at large times, as it increases steeply after an inflection point, whereas the curves of the cyclonic data appear to level off. These predicted trends agree with the experimental data over two decades in time and three orders of magnitude in the displacements. Detailed parametrization (τ, D, λ * ) of the model is given in the supplemental material [27] .
The close agreements between theory and the experimental data shown in Fig. 3 suggest that the simple stochastic model (Eq. 1), which incorporates the centrifugal effect, captures the basic physics that governs the main dynamics of the vortex motion. Nonetheless, the outward cyclonic motion observed in the anomalous regime (Figs. 1d and 2a) are unexpected. In this centrifugation-dominant flow regime, we observed the maximum vorticity ratio γ ω and radial gradient of u r for both types of vortices (Fig. 2a) . Thus we probe further into the centrifugal effects on the vortex structures. Figure 2b shows the radial profiles of the mean temperature of the background fluid and of the vortices. These numerical data indicate a noticeable warming of the background fluid in the inner region, which is ascribed to the accumulated warmer fluid, a centrifugal effect that has been observed [35, 36] . As a result the temperature difference δT between the cold anticyclones and the background fluid exceeds that between the warm cyclones and the background (Fig. 2b) . Since δT is proportional to the buoyancy forcing on the vortex core, it is predicted to be positively correlated to the vorticity ω in recent theoretical models [14, 37] . Figure 2c shows that δT and ω exhibit a similar trend and in particular both are larger for anticyclones than for cyclones in the inner region, which also explains the results of the vorticity ratio in the anomalous regime.
To understand the anomalous motion of cyclones we examine the dynamical mode of collective motion of the vortices that occurs noticeably in the anomalous regime. Figure 4a is an example of the instantaneous motion of the vortices, with their spatial distribution presented in a Voronoi diagram. We see that adjacent vortices often self-organize into vortex clusters, in the sense that vortices within each cluster move in approximately the same direction. For quantitative analysis, we adopt two criteria to identify vortex clusters. The distance of two neighboring vortices is smaller than 1.5 times the mean vortex diameter and the angle between their velocity vectors φ is within a threshold (φ≤φ * =60
• ). Here we did the analysis over the range of (30 • ≤φ * ≤75
• ) to confirm that the results of correlated vortex motion are not sensitive to the choice of φ * . The direction of the radial motion of cyclones is represented by the angle θ between their position vector r relative to the cell center and their velocity u. It is clearly seen that θ is related to the number (N ) of vortices in a cluster (Fig. 4b) . For isolated cyclones (N =1), the most probable orientation of motion is radially inward (θ p =π). When N >1 and cyclones move collectively with neighboring vortices, we find θ p =0 as cyclones move anomalously outward. The standard deviation of θ decreases monotonically when N increases (Fig. 4c) . On the basis of these analyses, we suggest that it is the emergence of the centrifugal effects that breaks the symmetry of the vortex distribution, leading to the larger magnitude of vorticity for anticyclones than for cyclones in the inner region. Meanwhile adjacent vortices are often organized into vortex clusters by means of hydrodynamic interaction [38] . Within large clusters the motion of cyclones are compromised with that of the anticyclones which undergo stronger centrifugal buoyancy. As a result we observe the outward migration of cyclones in a collective manner, and their motions become more unidirectional with the increasing size (N ) of the cluster.
We have shown in the example of rotating RBC that local hydrodynamic interaction between adjacent vortices can lead to the emergence of large-scale flow structures. The resultant long-range correlated vortex motion, analogous to the collective motion observed in granular matter [39, 40] and biological systems [41] [42] [43] , may increase the global order of the flow field and give rise to a net flux of vorticity transport. Our study may provide an avenue towards better understanding the vortex dynamics in relevant geo-and astro-physical flows in which self-assembly vortices are densely populated [44, 45] . 
